Background: The functionalization of metallic surfaces aims at promoting the cellular response at the biomaterial-tissue interface. This study investigates the effects of the functionalization of titanium (Ti) microtopography with a calcium phosphate (CaP) coating with and without peptide 15 (P-15), a synthetic peptide analog of the cell-binding domain of collagen I, on the in vitro progression of osteogenic cells.
V arious in vitro, in vivo, and clinical studies have reported enhanced bone repair around microstructured metal implants. [1] [2] [3] [4] Novel strategies for implant surface modifications have been developed to further enhance and/or accelerate bone formation at the interface, particularly for areas of poor bone quality and for immediate loading applications. 5, 6 These strategies include surface nanostructuring, modifications of surface chemistry and/ or energy, and molecular functionalization. 7, 8 Enhanced biologic response (e.g., increased cell proliferation and cell activities, higher mRNA expression of osteoblast markers, and enhancement in matrix mineralization) has been reported as a consequence of the synergistic superimposition of submicron and/or nanoscale features on microtopographies. 9, 10 Acid and/or alkaline treatments or coatings with calcium phosphate (CaP) phases have been exploited to alter the surface chemistry of metals, resulting in a promotion of interfacial apatite formation and osteoblast differentiation and activity. 11 In addition, the chemical modification of a hydrophobic microtopography yielded a highly hydrophilic surface that stimulates osteoblast functions and bone formation. 12, 13 Various approaches for biochemical surface modification rely on coating implant surfaces with the following: 1) major components of the bone extracellular matrix (ECM), i.e., hydroxyapatite and type I collagen; [14] [15] [16] [17] [18] 2) non-collagenous bone matrix proteins or growth factors; 7,19-21 and 3) peptides with known biologic activities. [22] [23] [24] [25] Although various coatings with whole components of exogenous ECM induce beneficial cellular and tissue responses, 14, 15, 26, 27 the lack of stability and immunogenicity of these molecules could limit their use. 28, 29 In this context, surface functionalization with peptides is expected to advantageously stimulate the production of autogenous ECM by host cells. Type I collagen is the main structural protein in bone, and it promotes osteoblast cell adhesion and function. 30 Therefore, synthetic peptides mimicking amino acid sequences of collagen could be considered good candidates for surface functionalization for those applications in which faster and more stable bone integration is envisaged. 31 Here, we opted to use peptide 15 (P-15), a collagen-derived synthetic peptide analog of the cell-binding domain of type I collagen that has been demonstrated to promote osteogenic differentiation and enhance bone formation in various applications. [32] [33] [34] The present study evaluates the effects of the functionalization of a microtopographic titanium (Ti) surface, created by sandblasting and acid etching (SBAE), on the development of the osteogenic phenotype in vitro. The surface was first coated with submicron-scale CaP as a strategy to functionalize with P-15. CaP coating was used for two reasons: 1) to increase the surface area and thus the amount of the adsorbed peptide; and 2) to mimic a native situation and thus limit any potential conformational changes of P-15.
MATERIALS AND METHODS

Ti Samples and Surface Characterization
Commercially pure Ti disks, 13 mm in diameter and 2 mm thick, were used in this study (total = 900 disks; n = 180 in each experimental group). The experimental groups for physicochemical characterization and biologic assays were classified according to the surface treatment: 1) machined; 2) SBAE; 3) SBAE with CaP coating (SBAE+CaP); 4) SBAE+CaP with a low concentration (20 mg/mL) of the synthetic peptide P-15 (P-low); and 5) SBAE+CaP with a high concentration (200 mg/mL) of P-15 (P-high). The machined Ti disks were purchased from a metal company, i whereas SBAE-based Ti disks were kindly provided by a dental company. ¶ The detailed processes used to produce and sterilize such samples have not been disclosed by the manufacturer (proprietary processing).
The surface of the randomly selected machined and SBAE-based Ti was qualitatively and quantitatively evaluated in terms of topography and wettability. The sample imaging was performed using a field emission scanning electron microscope # (SEM) operated at 1.5 kV. In addition, the surface topography was visually and quantitatively characterized using an atomic force microscope** (AFM) in tapping mode at a scanning rate of 0.5 Hz and 512 acquisition points over an area of 1 · 1 mm. AFM images were analyzed with a software program † † to determine the root mean square (RMS) roughness. The surface wettability was assessed using the sessile drop method, as described previously. 35 Cell Isolation and Culture of Osteogenic Cells Primary osteogenic cells were isolated by sequential trypsin/collagenase digestion of calvarial bone from newborn Wistar rats. 36, 37 All animal procedures were in accordance with the guidelines of the Animal Research Ethics Committee of the University of São Paulo (protocol 08.1.357.53.6). Cells were seeded on Ti disks placed in 24-well polystyrene plates ‡ ‡ at a cell density of 2 · 10 4 cells per disk. The plated cells were cultured for periods of up to 21 days in a-minimum essential medium with L-glutamine § § supplemented with 10% fetal bovine serum, ii 7 mM b-glycerophosphate, ¶ ¶ 5 µg/mL ascorbic acid, ## and 50 µg/mL gentamicin*** at 37°C in a humidified atmosphere with 5% carbon dioxide. The culture medium was changed every 3 days. Because of the inherent phenotypic heterogeneity of primary cultures, pre-osteoblastic MC3T3-E1 cells † † † were selected for the evaluation of cell morphology by SEM. 38 The cells were plated on Ti disks at a cell density of 2 · 10 4 cells per disk and cultured for 3 days under the same conditions as those used for the primary cultures.
Cell Adhesion and Spreading and SEM Imaging of Cell Morphology Cell adhesion and spreading were evaluated by direct fluorescence with green fluorescence dyeconjugated phalloidin, ‡ ‡ ‡ which labels ubiquitous actin cytoskeleton, and 49,6-diamidino-2-phenylindole, dihydrochloride § § § for nuclear stain (for details, see Immunolocalization of Bone ECM Proteins: Bone Sialoprotein and Osteopontin). To assess cell adhesion and spreading, 38, 39 the proportion of cells at stages 1 (round cells), 2 (round cells with filopodia), 3 (cells with cytoplasmic webbing), and 4 (wellflattened cells) was calculated from 100 adherent cells after 4 hours of culture for each surface, using randomly selected 10 to 15 microscopic fields (·40 objective). At day 3 of culture, MC3T3-E1 cells were processed for SEM imaging according to an established protocol. 36 Cell Viability, Proportion of Proliferating Cells, and Total Cell Number At days 1, 3, and 7 of culture, cell viability was evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) iii assay. Briefly, cells were incubated with 100 mL MTT (5 mg/mL) in culture medium at 37°C for 4 hours. The medium was then aspirated from the well, and 1 mL acidisopropanol (0.04N HCl in isopropanol) was added to each well. The plates were then stirred on a plate shaker for 5 minutes, and 200 mL of this solution was transferred to a 96-well format using opaquewalled transparent-bottomed plates. ¶ ¶ ¶ The optical density was read at 570 nm on a plate reader, ### and the data were expressed as absorbance. 40 The proportion of proliferating cells at day 3 of culture was determined by double
chloride (Ki-67)/49,69-diamidino-2-phenylindole (DAPI) labeling, as described previously. 41 The antibody used was rabbit polyclonal antihuman Ki-67**** (1:70). Briefly, the total number of DAPIstained nuclei and Ki-67-expressing proliferating cells that were adherent on Ti disks was calculated by epifluorescence counting at ·40 objective. A minimum total of 200 cells were counted on three Ti disks for each group, and the data were expressed as percentage Ki-67-positive cells.
The blue dye exclusion assay was used to determine the total number of cells at day 7. 37 Briefly, cells were enzymatically detached from the Ti surfaces using 1 mM EDTA, 1.3 mg/mL collagenase, and 0.25% trypsin solution. † † † † The total number of cells was counted after blue dye ‡ ‡ ‡ ‡ staining using a hemocytometer. Cell adhesion was expressed as a percentage of the initial number of cells (2 · 10 4 cells per disk).
Immunolocalization of Bone ECM Proteins: Bone Sialoprotein and Osteopontin
At days 1, 3, 7, 10, and 14 of culture, cells were fixed for 10 minutes at room temperature using 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.2. After washing in PB, they were processed for immunofluorescence labeling, as previously described in detail. 37 Primary monoclonal antibodies to bone sialoprotein (BSP) § § § § (1:200) and osteopontin (OPN) iiii (1:800) were used, followed by a mixture of red fluorescence-conjugated goat antimouse secondary antibody ¶ ¶ ¶ ¶ (1:200) and green fluorescenceconjugated phalloidin #### (1:200). The cell nuclei were stained with 300 nM DAPI***** for 5 minutes After mounting with an antifade kit, † † † † † the samples were examined under epifluorescence using a light microscope ‡ ‡ ‡ ‡ ‡ outfitted with a digital camera. § § § § § A total area of 400 mm 2 (corresponding to three Ti disks) was examined for each labeling and time point. Representative digital images were processed with an image software program. iiiii 
Gene Expression Analysis: Real-Time Polymerase Chain Reaction
The gene expression of runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP), BSP, and OPN was evaluated by real-time polymerase chain reaction (PCR) at days 7 and 10 of culture. The total RNA from cells was extracted using a total RNA isolation system kit ¶ ¶ ¶ ¶ ¶ according to the instructions of the manufacturer. The concentration of RNA was determined by optical density at different wavelengths (260, 280, 230, and 320 nm) using a spectrophotometer. ##### Complementary deoxyribonucleic acid (cDNA) was synthesized using 1 mg RNA through a reverse transcription reaction using a high-capacity cDNA reverse transcription kit****** according to the instructions of the manufacturer. The reactions of real-time PCR were performed in a detection system † † † † † † using fluorogenic probes. ‡ ‡ ‡ ‡ ‡ ‡ The standard PCR conditions were 50°C (2 minutes), 95°C (10 minutes), and 40 cycles of 95°C (15 seconds), 60°C (1 minute). For mRNA analysis, the relative level of gene expression was calculated in reference to GAPDH expression and normalized to the gene expression of cells cultured on machined surfaces (calibrator) using the cycle threshold method. 42 ALP Activity ALP activity was assayed at day 10 of culture through the release of thymolphthalein from thymolphthalein monophosphate using a commercial kit. § § § § § §37 The data were expressed as ALP activity normalized to total protein content, which was determined by a modified Lowry method. 41 Proportion of Apoptotic Cells At day 10 of culture, the proportion of apoptotic cells was determined by flow cytometry. Briefly, the cells were trypsinized and labeled with annexin V and propidium iodide (PI) using a commercial kit iiiiii according to the instructions of the manufacturer. The labeled cells were assayed on a flow cytometer ¶ ¶ ¶ ¶ ¶ ¶ by acquiring 5,000 to 10,000 events and further analyzed by dot plot using specific software. ###### The cells were quantified as follows: 1) annexin V negative/PI positive (viable cells); 2) annexin V positive/PI negative (cells in the initial stages of apoptosis); 3) annexin V positive/PI positive (cells in the advanced stages of apoptosis); and 4) annexin V negative/PI positive (necrotic cells).
Mineralized Bone-Like Nodule Formation
At days 14 and 21, the cultures were washed in Hanks' solution (Hanks' balanced salts supplemented with 0.35 g/L sodium bicarbonate*******), fixed in 70% ethanol at 4°C for 60 minutes, and washed in phosphate buffered saline and distilled water. The cultures were then stained with 2% red dye, † † † † † † † pH 4.2, at room temperature for 15 minutes. Triple labeling red dye-BSP-DAPI was performed as described previously. 43 The images were obtained digitally by an epifluorescence microscope ‡ ‡ ‡ ‡ ‡ ‡ ‡ and a high-resolution camera. § § § § § § § Quantitative evaluation of mineralization was performed by red-dye extraction (calcium content) as described in detail previously. 44 To further characterize the mineralization process, Fourier transform infrared (FTIR) spectroscopy analysis was performed in red-dye-stained areas at day 14 of culture using an FTIR spectrometer iiiiiii in reflectance mode. The spectra were obtained in the range of wave number from 4,000 to 400 cm -1 and signal averaged for 10 scans at a resolution of 4 cm -1 .
Statistical Analyses
Statistical analysis was performed using a parametric or non-parametric test, for independent data (analysis of variance [ANOVA] or Kruskal-Wallis test, respectively), followed by a multiple comparison test when applicable. The level of significance was 5%. The results are representative of experiments performed with at least two distinct primary cultures.
RESULTS
Surface topography and roughness at the nanometric level varied according to the surface treatment. CaP coating of SBAE surfaces reduced RMS values by 50%. However, additional functionalization with P-15 increased the nanoroughness (Figs. 1A and 1B; see Supplementary Table 1) . High-resolution SEM analysis revealed that pristine and modified SBAE surfaces exhibited an inhomogeneous microtopography, whereas machined samples only showed micrometric and submicrometric traces of mechanical polishing (Fig. 2) . In addition, all modified SBAE surfaces exhibited a submicron-scale needleshaped coating, with needle-like structures ranging from 100 to 300 nm in length and with the maximum thickness of 40 nm. Interestingly, such structures were considerably less apparent for P-high (Figs. 2E,  2G , and 2I). SEM imaging at 3 days of culture revealed that adherent cells on SBAE and modified SBAE surfaces were substantially less spread than those on the machined control. Although cells grown on machined Ti showed a direct contact between the whole cell body and the substrate, exhibiting short cytoplasmic processes, the cells on SBAE-based surfaces developed long cytoplasmic extensions of variable thickness, which established direct contact with either adjacent cells or the substrate (Figs. 2B, 2D , 2F, 2H, and 2J). Statistically significant differences were observed among surfaces in terms of static contact angles (ANOVA, P <0.05). The mean values for the initial contact angle were 80°for machined surfaces and >100°for SBAE-based surfaces. Functionalization significantly reduced the contact angles at equilibrium to values of 40°( Fig. 3A; see Supplementary Table 2 ).
The assessment of cell adhesion and spreading at 4 hours revealed a significant reduction in the proportion of cells with a well-spread morphology (stages 3 and 4) on modified SBAE compared to machined Ti (Kruskal-Wallis test, P <0.05; Fig.  3B ; see Supplementary Figure 1 ). In addition, significantly fewer cells were spread on P-high-functionalized surfaces compared to the SBAE control, whereas no differences among modified SBAE surfaces were observed (see Supplementary Table 3) .
The MTT assay showed no significant differences among the groups at days 1, 3, and 7, except for significantly higher values in cultures grown on modified SBAE compared to SBAE at 3 days (Kruskal-Wallis test, P <0.05; Fig. 3C ; see Supplementary Table 4 ). No differences in terms of cell proliferation were detected among the groups (AN-OVA, P <0.05; see Supplementary Figs. 2 and 3 ). The total cell number was significantly lower (ANOVA, P <0.01) in cultures grown on SBAE-based surfaces at day 7 (see Supplementary Figure 4 and Supplementary Table 5 ).
For all surfaces, a significant proportion of cells exhibited OPN labeling in a perinuclear tubular network and in punctate deposits throughout the cytoplasm at 1 and 3 days of culture. Extracellular OPN labeling was only detected in cultures grown on modified SBAE, mostly adjacent to OPN-positive cells. Extracellular OPN labeling was more conspicuous at 3 days than at 1 day (Figs. 4A through 4J). At 7 and 10 days in all groups, BSP labeling was observed in the perinuclear region and in punctate deposits throughout the cytoplasm (data not shown). Extracellular BSP accumulation was detected in areas not necessarily associated with BSP-positive cells. Qualitatively, a reduced extracellular BSP labeling was observed in cultures grown on SBAE and SBAE+CaP, mainly at 7 days (Figs. 4K through 4T). At day 10, double labeling for BSP and OPN was evident in areas of cell multilayering only in the machined group (data not shown).
Real-time PCR analysis revealed that at day 7, the cells grown on SBAE-based surfaces exhibited significantly lower RUNX2 mRNA levels compared to the machined group (two-way ANOVA, P <0.05). A trend toward increased RUNX2 levels from 7 to 10 days was only observed for the modified SBAE groups ( Fig. 5A ; see Supplementary Table 6 ). The relative expression levels of ALP significantly increased from 7 to 10 days in cultures grown on SBAE-based surfaces (two-way ANOVA, P <0.05), whereas a significant reduction of 50% was detected in the machined group ( Fig. 5A ; see Supplementary  Table 7) . For all surfaces, BSP mRNA expression significantly increased from 7 to 10 days (two-way ANOVA, P <0.05), with peak levels in cultures grown on the machined surface ( Fig. 5A ; see Supplementary  Table 8 ). Significantly higher OPN mRNA levels were detected in cultures on SBAEbased surfaces at 7 days and on modified SBAE at 10 days, with peak levels for P-low (twoway ANOVA, P <0.05) ( Fig. 5A ; see Supplementary Table 9 ).
After 10 days of culture, the cells grown on SBAE-based surfaces exhibited significantly lower ALP activity compared to the machined group (KruskalWallis test, P <0.05), whereas the functionalization with P-15 did not alter ALP activity ( Fig. 5B ; see Supplementary Table 10 ).
The apoptosis assay showed a trend toward the reduction in the proportion of cells in the initial phases of apoptosis (annexin V-positive/PI-negative cells) for cultures grown on the machined, P-low and P-high High-resolution SEM imaging of machined, SBAE, and modified SBAE surfaces (A, C, E, G, and I) and of adherent MC3T3-E1 cells spread on Ti disks at 3 days (B, D, F, H, and J). Modified SBAE surfaces exhibited a superficial layer of submicron-scale needle-shaped material (insets in E, G, and I), which was less apparent for P-high. Adherent cells on SBAE and modified SBAE were substantially less spread than the cells on the machined group, showing long cytoplasmic extensions that interacted with other cells and the substrate (F, H, and J, arrows). Scale bars: A, C, E, F, G, I, and J = 2 mm; B, D, and H = 10 mm; insets in E, G, and I = 200 nm.
surfaces; at the same time, P-low and P-high doubled the proportion of cells in the advanced stages of apoptosis (annexin Vpositive/PI-positive cells) compared to cultures on SBAE and machined Ti (see Supplementary Figure 5 and Supplementary Table  11) .
A significant enhancement in matrix mineralization at 14 and 21 days of culture was observed in cultures on modified SBAE compared to the SBAE and machined groups (two-way ANOVA, P <0.05; Fig. 5C ; see Supplementary Table 12) . A significant increase from 14 to 21 days of culture was detected only in the P-low cultures. Although no major differences were noticed among the modified SBAE at day 14, the red-dye values were significantly higher for P-low compared to P-high at day 21. Using the same culture conditions with no cells, minimal red-dye values were detected at day 14 in all surfaces, including those coated with CaP (Fig. 5C) .
Morphologically, typical mineralized nodules, brownish/reddish in color, were observed in cultures grown on the machined group at days 14 and 21 of culture. However, for SBAE-based surfaces, such structures were only occasionally detected at day 14 and were more frequent at day 21, although in a lesser quantity than cultures grown on the machined control (Fig. 6) . Diffuse red-dye-stained areas, which were reddish for cultures on machined A) Surface wettability analysis by means of the sessile drop method using a drop of the cell culture medium on each surface. B) Proportion of osteogenic cells (100 cell count, ·40 objective) at different stages of adhesion and spreading on machined, SBAE, and modified SBAE surfaces at 4 hours. C) Cell viability (MTT, optical density) of osteogenic cell cultures grown on machined, SBAE, and modified SBAE surfaces at days 1, 3, and 7. Bars that share ‡1 letter of the same color are not significantly (P >0.05) different from each other.
surfaces and brownish for the ones on SBAE and modified SBAE, were also observed at both time points (Figs. 6A through 6J) . Epifluorescence revealed red-dye-stained nodules exhibiting an irregular contour (Figs. 6K through 6T ) and labeling for BSP, which was remarkably weaker for cultures on SBAE-based surfaces (compare Figs. 6L through 6O to Fig. 6K ). FTIR analysis of red-dye-stained areas revealed vibrational bands from 900 to 1,200 cm -1 (phosphate/mineral) and from 1,580 to 1,720 cm -1 (amide I/organic matrix) in all groups, with more pronounced peaks for the machined group (see Supplementary Figure 6 ).
The numerical data are summarized in Supplementary Table 13 .
DISCUSSION
This in vitro study demonstrates that coating of an SBAE Ti microtopography with submicron-scale CaP by itself may affect key parameters of the progression of the osteogenic phenotype. A reduction in the proportion of spread cells and a higher accumulation of extracellular OPN at early time points were observed for cultures grown on modified SBAE surfaces. In addition, changes in the mRNA profile of osteogenic markers at 7 and 10 days of culture preceded the occurrence of significantly larger areas of calcified matrix at days 14 and 21 for modified SBAE compared to controls. Functionalization with P-15 promoted only limited synergistic effects.
CaP-based coatings on Ti have been shown to promote biocompatibility and osseointegration, depending on the type of coating. 45 In the present study, a submicron-scale CaP coating comparable with that developed by Rössler et al. 46 is deposited on SBAE Ti to achieve the loading of P-15 at two concentrations. During the first 10 days of culture, the modified SBAE surfaces promoted a reduction in cell spreading, cell number, the occurrence of larger extracellular OPN deposits, and a trend toward a higher proportion of cells at advanced stages of apoptosis. Although these findings could suggest an earlier acquisition of a more mature osteoblastic phenotype, 23,30 the higher MTT values together with lower osteoblast marker mRNA levels and ALP activity suggest the occurrence of a transient delay in osteogenic differentiation accompanied by changes in cell proliferation dynamics (although not detected at day 3 by Ki-67) and the rate of apoptosis. Such findings are likely attributable, at least in part, to the interaction of cells with the increased surface area provided by the CaP coating, a common feature for the modified SBAE. A similar osteogenic cell response has been observed for porous Ti. 47 Importantly, the possibility Epifluorescence of osteogenic cell cultures grown on machined, SBAE, and modified SBAE surfaces at 1 (A through E), 3 (F through J), 7 (K through O), and 10 (P through T) days. Red indicates OPN (A through J) and BSP (K through T) labeling, green indicates actin cytoskeleton (A through J), and blue indicates cell nuclei (A through T). Extracellular OPN labeling is abundant and prominent in cultures grown on SBAE+CaP, P-low, and P-high (C through E and H through J). Large BSP-positive areas are clearly observed in P-low and P-high at 10 days (S and T). Scale bar: A through J = 50 mm; K through T = 200 mm. d = day(s).
that early enhanced extracellular OPN labeling takes place because of an enhanced adsorption of the protein on the CaP coating, and not because of a higher osteoblastic activity, should not be ruled out and must be further investigated.
At 14 and 21 days of culture, modified SBAE supported the occurrence of significantly larger areas of mineralized ECM, mostly in a diffuse, non-nodular pattern. The physiologic-like nature of the mineral deposits associated with a collagen-based organic matrix was demonstrated by FTIR analysis. 48 Interestingly, the formation of woven bone-like nodules, typically observed in cultures grown on machined Ti, 37 was delayed and clearly less prominent in cultures grown on modified SBAE. This could suggest that terminal osteoblastic differentiation on modified SBAE (and also on SBAE) would not necessarily depend on the cell multilayering that takes place after confluence on flat, dense substrates and precedes and colocalizes with nodule formation in calvarial cell cultures, a finding that has also been demonstrated for other microtopographies. 49 Despite a trend toward the use of hierarchically structured implants, the higher bone marker gene A) Relative mRNA expression of RUNX2, ALP, BSP, and OPN levels in osteogenic cell cultures grown on machined, SBAE, and modified SBAE surfaces at days 7 and 10. The data were normalized to GAPDH mRNA levels, and value 1 was attributed to cultures grown on machined surfaces at day 7. B) ALP activity (micromolar thymolphthalein per hours per milligrams protein) of osteogenic cell cultures grown on machined, SBAE, and modified SBAE surfaces at day 10. C) Quantitative analysis of red-dye-stained osteogenic cultures grown on machined, SBAE, and modified SBAE surfaces at days 14 and 21. Notice the higher values of red dye in the modified SBAE cultures. Bars that share ‡1 letter are not significantly (P >0.05) different from each other.
expression observed on machined Ti, together with the earlier mineralized nodule formation on machined Ti compared to modified SBAE in our in vitro conditions, support the idea that machined surfaces would also benefit from CaP coatings.
Functionalization with the two peptide concentrations used significantly changed the contact angles at equilibrium, transforming the highly hydrophobic SBAE+CaP into a moderately hydrophilic surface. Hydrophilic Ti surfaces have been shown to promote the enhancement of mineralized ECM formation in vitro 37 and to accelerate osseointegration. 12, 13 In this context, although changes in wettability could contribute to the higher osteogenic potential for cultures grown on P-low at day 21, it would not account for the differences noticed between P-low and P-high, which exhibited the same contact angle. In an in vivo model using grit-blasted and acid-etched dental implants functionalized with P-15, 25 significantly higher bone-to-implant contact rates were achieved with the high concentration of P-15; however, both concentrations of the peptide (20 and 200 mg/mL) showed increased peri-implant bone density compared to the control. Because no CaPcoated Ti with no peptide was used in that study, the positive effects on osseointegration would not necessarily be attributable to the P-15 functionalization. Importantly, a more recent study from the same group, 50 with proper controls, revealed no significant impact of P-15 on interfacial bone formation at concentrations ranging from 20 to 400 mg/mL.
CONCLUSIONS
The present in vitro results demonstrated that the strategy used to functionalize SBAE Ti microtopography might affect key parameters of the progression of the osteogenic phenotype. Despite the occurrence of earlier osteoblastic cell spreading and differentiation for the machined Ti, the SBAE+CaP, P-low, and P-high surfaces all equally supported changes in the mRNA expression profile of key osteoblast markers, ultimately resulting in enhanced ECM mineralization. However, only limited synergistic effects were achieved with the P-15 functionalization. for the SEM imaging. Drs. Scharnweber and Wolf-Brandstetter report financial support from DENTSPLY Friadent, Mannheim, Germany for the development of the coating process. Drs. Pereira, Alves, Novaes Jr., F.S. de Oliveira, Yi, Zaniquelli, Variola, Nanci, Rosa, and P.T. de Oliveira report no conflicts of interest related to this study.
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